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4y 1. SUMMARY
LN
A Theories of the mechanical, vibrational, and electronic properties of
:&’ﬂ III-V semiconductors have been developed and applied to (i) help determine the
Pl feasibility of InN-based visible and ultraviolet lasers and 1light detectors,

(ii) develop a theory of phonons in semiconductive alloys, (iii) elaborate on

it the physics of photoelasticity, (iv) understand surface reconstruction of
;ﬂ ' semiconductors, and (v) predict the effects of atomic correlations on the

light-scattering (Raman) properties of semiconductive alloys.

o 2. OBJECTIVES

[)
3{ Our goal is to develop theories of the mechanical, vibrational, and
p el thermal properties of III-V semiconductor alloys that will lead to a better
#'{ understanding of the physics of these materials.
R
PN
R 3. STATUS OF RESEARCH
"g We have made progress on the following problems:
ey
z\' 1. Electronic structure of InN and InN-based alloys, including defect levels.
54& A paper will be published shortly on the materials problems that must be

o overcome in order to fabricate visible lasers from these materials.

J
6l 2. Phonons in Hgy_,Cd ,Te. We have identified the "clustering modes" with
:%# regions consisting of Te atoms bonded to one Cd atom and three Hg atoms;
,4&. and we have elucidated the physics of phonons in these alloys.
1]
l'
:ﬁﬂ: 3. Photoelastic constants. We are developing a theory of photoelastic
] constants in bulk and superlattice semiconductors.
&l
‘g: 4. Role of ionicity in zincblende surface relaxation. We have shown that,
}Q‘ contrary to popular opinion, zincblende (110) surfaces relax through an
:';\ . angle that depends significantly on ionicity, as a result of competition
N between covalent forces seeking 90° bond-angles and ionic forces that
O resist reconstruction.
IRTN
3 -
0 5. Surface geometry of wurtzite (1010) _surfaces. We are calculating the
,”5 equilibrium positions of atoms on (1010) surfaces of AZN and ZnS.
' a'.
th. 6. Effects of correlations on the Raman spectra of alloys. We have developed

a theory which combines Monte Carlo and Recursion techniques to predict
e the spectra of correlated alloys.
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Dependence on ionicity of the (110) surface relaxation

of zincblende semiconductors
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Abstract

it is argued that the surface relaxation angle w of zincblende (110)

surfaces should depend on 1ionicity or on longitudinal effective charge Z,

approximately as w = wy - w; Zzez/eaL. with w; = 6%/ev. .
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It is widely believed that the reconstructions of the (110) surfaces of

zincblende semiconductors are determined virtually exclusively by covalent

'
g forces, and that the surface anions rotate more-or-less rigidly out of cthe
g

surface through an angle w = 29° for all zincblende (110) surfaces fryjfe2y.

(See Fig. 1.) This relaxation angle w minimizes the energy of the covalent

bonds. Indeed the (110) zincblende relaxations are thought to be the best

understood of the semiconductor surface reconstructions, with analyses of

numerous low-energy electron-diffraction data {(L)[3)[&4])([S5]1(6])(7] and

medium-energy ion-blocking experiments [8]([9]([10] lending support both to the

rigid-rotation reconstruction model and to the notion that w is constant

(=29°) for all zincblende (110) surfaces.

U

D

B However, the widely accepted viewpoint that w 1is constant for all
) zincblendes cannot possibly be correct, and must be strictly valid only in the
f& limit of low ionicity. For the more ionic zincblende semiconductors, the
:w attractive Coulomb forces between the relaxed, negatively charged surface
K

~
f anions and the positively charged cations in and below the surface tend to
&' pull the anions back toward the surface and reduce the relaxation caused by
14

.* the covalent forces. (See Fig. 1.) This Coulombic effect should reduce the
e

f; relaxation angle w by an amount proportional to 22, where Z 1is the
w (longitudinal) effective charge [l1], and the effect should become significant
¥

: when 22e2/¢aL is of order 0.5 eV, a typical covalent energy gained by each
A

12

N relaxing surface anion {12]. Here e 1is the electron’s charge, ¢ 1is the
L)

A dielectric constant, and a; is the lattice constant. Recall that the ionicity
L)

M

x f; is approximately proportional to Z: Z/Z, ~ £y, where Z. 1is the chemical
NS

" valency [11].
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0

i3

‘g? To demonstrate that the relaxation angle w cannot be the same for all

zincblende semiconductors, we have executed self-consistent total-energy

;5; calculations based on the pseudo-function local-density theory ([13]. These
Q('
ﬁﬁ calculations employed four-atom-thick slabs of GaAs, InP, ZnTe, and ZnS [l4]
(i
,? and allowed their (110) surfaces to relax via rigid rotations through angles w
W
\ 2 until the total energies of the slabs reached minima. The resulting
s equilibrium relaxation angles w are plotted in Fig. 2 as functions of Zzez/eaL
(See Table 1I.), and, to a good approximation, form a straight line described

39
q, by the empirical rule

]
B,
) .
!
. W - (00 - (dl Zzez/eaL,
v';.
,jﬁ with wg = 20.62° and w; = 6.08°/eV. The fact that wy is of the same general
)

’ magnitude as the observed surface relaxation angles indicates that the rigid
n
')
{A“ rotation model, as used here, contains the essential physics of the surface
N
¥
;5‘ relaxation. Furthermore, the sign and magnitude of w) are as expected.
ehy
b
ﬂﬁ The relaxation angles w extracted from data ari¥lyses are difficult to
(\
$ obtain accurately (See Table I.), and actually agree about equally well with
1!
wn either hypothesis; (1) the - widely believed w = constant or (2)
¥ YP

w = wy - w 22e2/eaL, with w; of order 6°/eV. (See Fig. 2.) Therefore we think

that the w = constant hypothesis should be reexamined experimentally, possibly

by studying the (110) surface of zincblende Agl or some other highly ionic

zincblende material.
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The ionicity of the zincblende surface not only reduces the equilibrium

relaxation angle w, but it also increases the relaxation energy per surface
atom and increases surface phonon frequencies, according to the theory. (See
Fig. 3.)

We hope that experiments on the (110) surfaces of different zincblende

semiconductors will confirm these theoretical ideas quantitatively, establish

the role of effective charge and ionicity in determining equilibrium surface

geometry, and lead to an even better understanding of these prototypical

surfaces.
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Table 1. Effective (longitudinal) charges Z, lattice constants a (in
unit of Bohr radii), dielectric constants ¢, Zzez/eaL (in eV), calculated
relaxation angle “Theory predicted change in relaxation angle Aw (based on
the empirical rule), and relaxation angles w measured by low energy electron

diffraction (”LEED) and ion back-scattering (“ion)' respectively. See Ref.

(11].
Materials Z aL(ao) € Zzez/eaL “Theory -Aw W1 EED “ion
CucCs 1.505 10.215 3.6 1.67 10.15°
CuBr 1.35 10.753 4.4 1.048 6.37°
Cul 1.715 11.419 5.2 1.347 8.19°
Agl 1.38 12.232 4.9 0.864 5.25°
Zn$ 1.795 10.222 5.1 1.681 11° 10.22° 26° [3)
Y ZnSe 1.625 10.710 5.9 1.137 6.91° 29° [4)
e ZnTe 1.66 11.529 7.3  0.891  14° 5.42° 28°#2° [5]
[<s CdTe 1.715 12.240 7.3  0.895 5.44°
v‘; HgTe 2.025 12.208 14.0 0.653 3.97°
s BN 0.78% 6.831 4.5 0.538 3.27°
‘ ARP 0.93% 10.301 7.6 0.301 1.83° 27.5%+3° (6]
s AlAs 0.81*% 10.700 9.0  0.185 1.12°
L A£Sb 1.045 11.594 10.2 0.251 1.53°
v GaP 1.185 10.300 8.5  0.436 2.65° 27.5° [3]
%5‘ GaAs 1.03 10.683 10.9 0.248 20°  1.51° 27°-31°(3] 29°43° [9]
gl Gasb 0.69 11.519 14.4 0.078 0.47° 30°#2° [5] 28.5%+2.6° [10]
) InP 1.485 11.090 9.6  0.563  17° 3.42° 28.1° (8]
R InAs 1.085 11.4649 12.3 0.227 1.38% 31°43° (7] 30°+2.4° [10)
;v; InSb 0.72 12.243 15.6 0.074 0.45° 28.8° (8]
s Sic 0.775 8.217 6.7 0.297 1.81°
T * Estimated from the ionicity f; by Z = Z f;.
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